Severe smog days in many parts of developing countries, such as China and India, have drawn worldwide attention. This study aims at integrating various building retrofitting methods of existing buildings to control indoor particulate matter 2.5 concentrations. Methods are such as airtightness improvement, room pressure control, recycling air filtration and combinations of the above. The study verifies the effectiveness of each control method to reduce the indoor particulate matter 2.5 concentration below 25 mg/m 3 under certain outdoor conditions in building. Measurements and modelling are conducted for different outdoor particle concentration scenarios under different control strategies at an apartment in Shanghai, China. Overall, the retrofitting methods depend on outdoor smog circumstances and building structures. Therefore, it would be wise to choose appropriate control method depending on outdoor particulate matter 2.5 concentrations. This is the first time that various existing residential building retrofitting strategies are integrated jointly and the combination of different control methods are tested to ensure indoor air quality under different outdoor conditions. To validate the generality of these control strategies, a simulation model is developed and calibrated against experimental data under different scenarios. The variation of the indoor particulate matter 2.5 concentration in an extremely bad day is simulated and the influencing factors including infiltration air change rate, air volume and filter efficiency are all analyzed according to the model. The results and conclusions of this study can be used in many parts of the worlds, when building occupants have to choose proper equipment or retrofitting methods to control their indoor air quality. Practical application: The building retrofitting methods introduced in this article could be used in any residential building to control indoor particulate matter 2.5 concentrations continuously below 25 mg/m 3 under different outdoor conditions.
Introduction
Epidemiologic evidence has shown a relationship between particle pollution exposure and adverse health effects, which has drawn increasing attention regarding methods for controlling particulate matter 2.5 (PM 2.5 ) pollutants indoors. Brook 1 provided evidence that PM is capable of acutely increasing blood pressure and that exposure to PM has tremendous public health implications. Hwang et al. 2 conducted a two-year study of 12-year-old Taiwanese children and concluded that longterm exposure to PM 2.5 may have a detrimental effect on the development of lung function in children. Loftus et al. 3 provided evidence that PM 2.5 contributes to elevated asthma morbidity in rural US communities. Choo et al. 4 showed through statistical analysis that exposures to poor indoor air quality (IAQ) might increase the risk of developing respiratory symptoms among preschoolers in Malaysia. Guo et al. 5 explored the association between PM 2.5 and the hospital emergency room visits in Beijing, China for cardiovascular diseases. There are also many other epidemiological studies on particular hazards reviewed in.
Since people spend approximately 80-90% of their time indoors, indoor pollution becomes very important to human health, 7, 8 and various studies from different academic fields on indoor air pollution, especially PM 2.5 (particulate matter with an aerodynamic diameter less than approximately 2.5 mm), have attracted attention.
Many studies have been undertaken to discuss the sources, composition and characteristics of indoor PM 2.5 , [9] [10] [11] [12] [13] indicating that indoor particles represent a combination of outdoororiginating particles, indoor-emitted particles and indoor secondary organic aerosol, among which particles coming from outside via ventilation systems or infiltration through door and window cracks contribute to large portions of indoor particles.
14 Although source control is the preferred method to solve the problem at the root, this option is not always available. Therefore, most researchers concentrate on indoor particle formation mechanisms in order to analyze the influencing factors of indoor PM 2.5 as well as seek solutions to control it by experimental measurements and numerical simulations.
Chen and Zhao 15 described the PM 2.5 concentration relationship between indoors and outdoors in detail using different concepts such as indoor/outdoor (I/O) ratio, infiltration factor and penetration factor. Studies also focused on the factors influencing indoor PM 2.5 concentration, such as meteorological parameters including wind speed, wind direction, temperature and relative humidity relating to outdoor PM 2.5 concentration; 16 indoor emission sources such as smoking, cooking and human disturbance; 10 penetration factor and deposition factor; [17] [18] [19] infiltration with different openings to the external environment (airtightness); filter efficiency of the makeup air and indoor recirculated air (air purifier) 20, 21 and ventilation systems. [22] [23] [24] [25] Some building retrofit measures have been proposed by many researchers to reduce indoor PM 2.5 concentrations, on the basis of the study of the influential factors mentioned above. For example, Wang et al. 20 presented a statistical analysis of the available data of PM 2.5 in four residential dwellings with different building airtightness levels and Heating, Ventilation and Air Conditioning (HVAC)-filter combinations, which revealed that the enhanced airtightness and the improvement of filter efficiency for both makeup air and indoor recirculated air decrease indoor PM 2.5 concentration significantly. Zhou et al. 21 also proposed a method for controlling infiltration of PM 2.5 from outdoors and reducing indoor emissions, based on the experimental results of a typical residential building with different voids of windows and doors and different indoor emission sources. Waring et al. 26 performed a two-phase investigation to evaluate the removal and generation of indoor pollution for two highefficiency particle arresting (HEPA) filters, one electrostatic precipitator with a fan, and two ion generators without fans, which showed that the pollutant removal benefits of ozone-generating air cleaners can be outweighed by the generation of indoor pollution, and portable HEPA filters were ultimately recommended.
And Howard-Reed 27 presented the fine and coarse particle decay rates associated with a central forced-air fan and in-duct air cleaners in an occupied home under several scenarios with the fan in both the on and off modes as well as different filter efficiencies, indicating that the decay rates of indoor particles increased greatly when fan was on or when filter efficiency was higher, thus indoor particle concentration largely decreased. Pyo et al. 28 introduced a novel concept to remove PM 2.5 without HEPA filters using the condensational growth of particles and developed a prototype of a filter-free particle filtration unit consisting of an air saturator, a condenser and a multi-nozzle-impactor assembly. The results showed that it was effective with an acceptable collection efficiency of approximately 81%. However, the present filter-free particle filtration unit has an applicability limitation, as is recommended for use in hot and humid circumstances such as combustion exhaust. There are also some other limitations such as the larger size relative to conventional residential air purifiers and the noise.
Although the above measures have been performed to control indoor PM 2.5 concentrations to some extent, these methods consider only certain factors and the indoor PM 2.5 concentration cannot be controlled under the standard healthy value of 25 mg/m 3 continuously, 29, 30 especially when the outdoor concentration is higher than 200 mg/m 3 . To help address this gap in knowledge and provide appropriate retrofitting strategies for existing residential buildings, we conducted thorough experiments in a residential building in Shanghai in China and intend to (1) integrate various indoor PM 2.5 concentration control methods and provide general criteria for each control method; (2) quantitatively measure indoor and outdoor particle concentrations and survey the variation of I/O ratio under different control methods and outdoor PM 2.5 concentration ranges in order to determine a successful retrofitting method that ensures the PM 2.5 concentration remains below 25 mg/m 3 under heavy outdoor pollution and (3) validate the mathematical model to further predict indoor PM 2.5 concentration and evaluate the important factors of different control methods which affect the indoor PM 2.5 concentration to carry out proper control strategy and select appropriate equipment.
Indoor PM 2.5 control methods
The significance of PM 2.5 is strongly related to airborne particle concentration, size distribution and chemical or biological composition, which depend on factors broadly classified as sources, transformation processes and removal mechanisms. 31 Accordingly, the indoor PM 2.5 control methods consist of three aspects including source control, outdoor/indoor transportation control and indoor active control. Some of these aspects are easy to control and others are uncontrollable, as shown in detail in Figure 1 .
Airtightness improvement
Building airtightness, defined as the resistance to air leakage through unintentional openings in the building envelope, is a fundamental building property that impacts infiltration. Air leakage is an important factor we must consider at first due to its three principle effects on the building performance: (1) Significant increasing in space conditioning load; (2) Degradation of envelope assemblies due to interstitial condensation or air driven rain penetration; (3) Ingress of outdoor pollutant -dust, noise, particles, etc. In this article, we focus on the third point, where the airtightness improvement could maximally prevent outdoor particles itself.
Hui-xing et al. 32 proposed retrofit methods including window replacement and using highquality advanced window installations or adding sealing strips to reduce air penetrating through the cracks and channels. And Adetunji 33 presented a comprehensive strategy for achieving high airtightness for both new buildings and refurbished buildings, consisting of a set of guidelines in the pre-design stage, design stage and construction stage. All of these could serve as references for us to improve airtightness.
Pressure control with mechanical ventilation
According to the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) handbook 34 and ASHRAE standard 62.1, 35 maintaining a positive pressure indoors with a mechanical ventilation system, which follows the same goal of airtightness improvement, is a possible approach to prevent outdoor particles from penetrating into the indoor environment. This method has been widely used in specialized care environments such as hospitals. 36, 37 However, Chen et al. 38 suggested that the indoor positive pressure control strategy may not work all the time due to the two-way airflow effect, especially in winter when the temperature difference may reach up to 30 C. Under certain conditions with different temperature differences of indoor-outdoor and different effective opening areas, there is a threshold of superfluous airflow rate for total prevention of outdoor particles from entering indoor spaces supplied by mechanical ventilation. In light of this, with the consideration of energy saving, it should be recommended that the doors and windows be closed when implementing a positive pressure control strategy. Therefore, the pressure control method discussed in this article is based on the consideration that the door and window openings are both closed. Chen et al. also researched the influencing factors affecting the satisfied superfluous airflow rate, and found that the two dominating factors are outdoor wind velocity and the effective air leakage area coefficient, which have positive relations with the satisfied superfluous airflow rate. 39 The cost of the two control methods consists of positive pressure control and indoor air purification. Considering the energy consumption of the fan, pressure control is more effective for maintaining the same I/O particle concentration (I/O ratio) under most outdoor conditions.
The current standard for suitable indoor pressurization value is intended for industrial facilities such as clean rooms. The relevant code for residential buildings is not available. We can take the low end of the clean room code as a reference in order to obtain a reasonable pressurization value of approximately 5 Pa for residential buildings. 40 The ventilated building will maintain positive pressure as long as the supply airflow rate is greater than the return airflow rate, and the wind pressure effect is minimized by enhancing the supply airflow rate, since the superfluous airflow rate must exit the space through air leakages or other openings to outdoors.
Air filter
Historically, standards for evaluating the results of the reference filter test have been developed in response to the needs of the times. ANSI/ ASHRAE Standard 52.2 provides filter minimum efficiency reporting value (MERV) rating recommendations to evaluate the performance of air cleaners. 41 ASHRAE Standard 62.1 also specifies the minimum requirements for HVAC particle filtration efficiency that requires a minimum of MERV 8 on the mixed airstream for commercial buildings. 35 ASHRAE Standard 62.2 also requires a minimum of MERV 6 on the recirculating airstream for low-rise residential buildings. 42 However, none of these standards are designed for heavy outdoor pollution, and the current concerns are indoor PM 2.5 control.
Stephens et al. 43 provided MERV rating recommendations for 100 of the world's most popular cities, including 20 of China's main metropolises, in order to achieve minimum outdoor air quality standards for the incoming outdoor ventilation air of both commercial and residential buildings. They found that the standard cannot always address the need for acceptable indoor air quality in highly populated environments. For instance, in China, where the outdoor PM 2.5 concentration is extremely high, filters with a minimum of MERV 16 would need to be applied to bring PM 2.5 concentrations in indoor ventilation air down to Environmental Protection Agency-recommended maximums (12 mg/m 3 for annual average PM 2.5 , 35 mg/m 3 daily). 44 However, there is no explicit reference to PM 2.5 mass concentration removal efficiency in various standards. Azimi et al. 45 used nearly 200 outdoor particle size distributions from literature to estimate PM 2.5 removal efficiencies of a wide range of MERV-rated single-pass HVAC filters. The average removal efficiency values are shown in Figure 2 , which can serve as the reference for designers to choose appropriate filter efficiency in improving IAQ in residential buildings.
Case study

Sampling site -building description
An apartment on the sixth floor in Shanghai was selected to be retrofitted according to the methods mentioned above. The apartment measures 110 m 2 of gross floor and 2.6 m clear height from floor to ceiling. This is a typical apartment building in many China cities. Figure 3 shows the floor plan of the apartment. The experiment 
Instruments and measured parameters
Plantower particle measuring systems (PMS) 5003 was used to measure indoor and outdoor PM 2.5 concentrations with an averaging interval of 60 s in the above apartment. The PMS sensor operates based on light scattering technique where the amount of scattered light is proportional to the volume concentration of the aerosol, of which the collected data in this study were corrected against a DustTrak DRX aerosol monitor (TSI 8534). During the experiment, one sensor was placed right outside of the window next to the balcony to collect outdoor PM 2.5 concentration. The window was opened and the door between the compartment and balcony closed. The other two indoor air sampling sites were in the living room and the study room, respectively, at a height of approximately 1.2 m. Their locations were carefully considered to avoid the direct influence of nearby occupants and air outlets, which can be seen in Figure 3 .
Meanwhile, a Model 3 blower door system with DG-700 was used to measure the airtightness of the apartment by blower door test method. And a BM-80-CO 2 and a hot bulb anemoscope ZRQF-D30J were used to measure CO 2 concentration at an interval of 10 s to test the airtightness by CO 2 concentration attenuation method and air velocity to calculate air flow. All instruments were tested and calibrated in the laboratory before being used for field measurements.
Comparative quality assurance tests for the three particle instruments were also conducted with all instruments co-located and sampling indoor air before test.
Application of control strategies and results
As mentioned in section 'Indoor PM 2.5 control methods', the three PM 2.5 control strategies are airtightness improvement, pressure control with fresh air system and air purifier. We tested each method individually and then combined two or three methods in the experimental apartment to verify their effect. These tests provide valuable information for individuals to select proper Airtightness improvement. According to section 'Pressure control with mechanical ventilation', good airtightness ensures less infiltration. It is necessary to improve the airtightness of the apartment at first to reduce the source of PM 2.5 . The single entrance door has been replaced with a double door, and the single glazing windows were replaced with high-quality double glazing windows. Some of the remaining windows were well sealed. To evaluate the effect of the airtightness improvement, the blower door test was used to measure the airtightness of the building envelope. 46 A basic blower door system includes three components: a calibrated fan, a door panel system and a pressure measurement device. The blower door fan is temporarily mounted on the exterior doorway using the door panel system to blow air into or out of the building, creating either a positive or negative pressure differential between inside and outside. The multi-point blower door test procedure results in a series of known values of infiltration air flow Q and the indoor-outdoor pressure difference Áp in order to establish the power low relationship between Q and Áp. And n 50 , the air change per hour rate when the house is under 50 Pa pressure, is measured by the test.
Because there is no related standard about the airtightness of residential buildings in China, we can only borrow the foreign standards to evaluate the airtightness performance, which is summarized by Chen et al. 47 The n 50 value before and after the airtightness improvement are 9.5 and 6.4, respectively, indicating that the airtightness improvement can decrease the air change rate significantly to effectively prevent the ingress of outdoor particles.
To examine the airtightness improvement behaviour of indoor PM 2.5 concentration when the door and windows were well sealed, the C i before and after the airtightness improvement were measured under two weather conditions with different outdoor PM 2.5 concentrations, which can be seen in Figure 4 (a) to (d). Figure 4 (a) and (b) illustrates the changes of C i and C o with the I/O ratio fluctuated with a mean value of 0.66. After retrofitting, the average I/O ratio was 0.53 shown in Figure 4 (c) and (d), indicating the decrease of outdoor particle invasion. From Figure 4 (d), we observed that indoor PM 2.5 concentration could be kept lower than 25 mg/m 3 when outdoor PM 2.5 concentration was in a relatively low level (lower than 40 mg/m 3 ) after airtightness improvement. However, when outdoor PM 2.5 concentration grew higher, indoor PM 2.5 concentration could not be controlled in a healthy range as shown in Figure 4 (c), then other measures must be taken to decrease the indoor PM 2.5 concentration.
Pressure control with mechanical ventilation
According to section 'Pressure control with mechanical ventilation', a fresh air system with a high-efficiency PM 2.5 removal filter was chosen to be installed on the balcony of the apartment to achieve micro-positive pressure control, as described in section 'Instruments and measured parameters'. The fan has two grades, high air volume with 216.8 m 3 /h and low air volume with 170.3 m 3 /h. And the positive pressure values under the two air volumes were 2 and 1 Pa, respectively, by calculation due to the relationship between indoor-outdoor pressure difference and infiltration air flow obtained by the blower door test. The PM 2.5 removal efficiency for the filter was 84.1%, reported by the manufacturer which lies between MERV 14 and MERV 16, depending on the outdoor conditions in Shanghai. Air purifier. Except for indoor pressure control, which introduces outdoor air that must be cleaned by a filter before entering indoors, an air purifier, circulating indoor air repeatedly through filters to clean indoor air, is another active way to control indoor air quality.
Therefore, an air purifier with PM 2.5 removal efficiency of 99%, reported by the manufacturer, was chosen to be installed in the living room of the apartment, which can be seen in Figure 3 . Similarly, the air purifier also has two grades with high recirculating air volume of 350.24 m 3 /h and low recirculating air volume of 158.98 m 3 /h. Combination control. From the above data analysis, the three measures -airtightness improvement, pressure control with mechanical ventilation and air purifier -were not effective if used alone when outdoor pollution was high. Therefore, integrated application of the three measures has been considered and tested. Figure 7 combines airtightness improvement, pressure control with low air volume and an air purifier with high circulation air volume, in order to control indoor PM 2.5 . Under the combination control mode, C i declined rapidly from 66 to 10 mg/m 3 with higher outdoor PM 2.5 concentration and kept steady decline even C o showed a modest increase at approximately 4:00 p.m. The I/O ratio declined from 0.41 to 0.01 with an average value of 0.05, which is much lower than that of the isolated operation mode of the earlier scenario, indicating that only the combined operation is effective when outdoor PM 2.5 is high.
The results of different control methods were summarized in Table 1 . Due to the experimental results of different control strategies, we could conclude that selecting a reasonable control method under different outdoor PM 2.5 concentrations is sufficient for indoor PM 2.5 concentration control in Shanghai. The valid range summarized in Table 1 indicates the top limit value of outdoor PM 2.5 concentration that the indoor PM 2.5 concentration could be decreased to equal or less than 25 mg/m 3 when the specific control strategy is used. This information provides a reference for selection of appropriate 3 ) rarely appears (3-5 days per year on average), the limited value for the combination control method has not been attained due to the absence of the corresponding experimental data.
Indoor PM 2.5 concentration prediction model
Due to the lack of heavy smog days in Shanghai, a theoretical model was established and validated by experimental data to further analyze the general application of these control strategies.
Model establishment
Buildings are typically ventilated with three mechanisms: mechanical ventilation, natural ventilation and infiltration. Mechanical ventilation introduces fresh air, which includes outdoor-originated particles that cannot be removed entirely by filters. Natural ventilation occurs by moving wind and buoyant-induced flow through open doors and windows.
Infiltration goes through cracks and leaks of the building envelopes. All of these can result in outdoor particles entering into the indoor environment, as shown in Figure 8 .
A box model of a single house was developed here, with the consideration of the building physical factors, HVAC-filter systems, air purifier application, indoor particles generation and deposition. The indoor PM 2.5 concentration model was developed mathematically by equation (1) based on the mass balance principle
where V is the building volume, m 3 . C i and C o are indoor and outdoor PM 2.5 concentration, respectively, mg/m 3 . t is time, s. p is the penetration factor. v is the infiltration air change rate, h À1 . Q n is the airflow through natural ventilation, m 3 =h. Q f is the makeup airflow, m 3 =h. f is the filter efficiency of the fresh air. Q r is the recirculated airflow, m 3 =h. r is the filter efficiency of the recirculated air. Q ex is the exhausted airflow due to mechanical ventilation, m 3 =h. G is the indoor particle generation rate, g=s. k is the particle deposition loss rate coefficient, h À1 . Q ap is the indoor recirculated air volume of the air purifier, m 3 =h. ap is the filter efficiency of the air purifier.
The tested apartment is equipped with unitary air conditioners; therefore, no primary return air system has been installed. The split system was also closed during the experiment, all the windows and doors were closed, and there were no main indoor emission sources such as cigarette smoking or cooking existing during the experiment period, so Q n % 0, G % 0. Then this equation could be reduced to equation (2) 
In these experiments, the time step used was 1 min, corresponding to the measurement interval. Therefore, indoor PM 2.5 concentration could be calculated at each time step, taking C i and C o at previous time as the input parameters, which can be seen in equation (3) 
In this equation, the infiltrate air change rate v is determined on the basis of airtightness test results of the apartment introduced in section 'Airtightness improvement', which is assumed to be constant throughout the experiment, supposing that the wind and temperature differences during the experimental period are sufficiently mild. The deposition rate coefficient k is supposed to 0.09 h À1 , 48, 49 and the penetration factor p will be attained through the training of the model.
Model validation
To validate the indoor PM 2.5 concentration variation of the prediction model comprehensively, several scenarios under different control methods were chosen, as shown in Table 2 . The experiments of different scenarios are divided into two groups, i.e. a training group and a validating group. Scenario 1 is used to verify the indoor PM 2.5 concentration model with airtightness improvement. In the training group, the input is the outdoor and indoor PM 2.5 concentration at previous time. The output is indoor PM 2.5 concentration at the moment and the adjustable property is the penetration factor. The purpose of the model introduced in this article is to accurately describe the indoor PM 2.5 concentration variation, so that it can monitor the indoor PM 2.5 concentration exceeding the healthy value and take measures to control the concentration.
Next, the input condition changes to the outdoor PM 2.5 concentration of the verification group. The trained model is accurate if the outputs of the verification group, i.e. the indoor PM 2.5 concentration, are also consistent with the experimental data. Scenarios 2 and 3 are the pressure control and air purifier method on the premise of airtightness improvement. The training and verification process is similar to that of scenario 1. During the pressure control period, the inside air pressure usually remained positive; therefore, in this case, the infiltration portion was considered negligible compared to ventilated outdoor air, namely, the infiltration factor v may be thought to be zero, which means the discussion of the penetration factor is meaningless considering the infiltration term p v VC o in the mass balance equation. When the air purifier operates, the infiltration air change rate is assumed to be constant, and the penetration factor is adjusted to make the theoretical prediction value comparable to the actual measurement. The specific parameters are summarized in Table 2 . Scenario 4 is a combination of scenarios 1-3; therefore, there was no need to train the model.
The validation results of the indoor PM 2.5 prediction model under the several scenarios are shown in Figure 9 (a) to (g). Through training and validation, the variation trend of indoor PM 2.5 concentration of the prediction model of each scenario is consistent with the trend of the test results. To assess the effectiveness of the model, the calculated results of the model were evaluated using the mean error (ME) and root mean square error (RMS) indexes, which are defined in equations (4) and (5). The ME and RMS values of each scenario are summarized in Table 3 , indicating that the indoor PM 2.5 concentration model is reasonable
Discussion
The above results showed that the indoor PM 2.5 concentration can be maintained below 25 mg/m 3 continuously by choosing appropriate control methods. To select optimal devices and better employ these measures, the influencing factors -infiltration air change rate v , air volume of the fresh air Q f and circulated air Q ap , and filter efficiency of the fresh air system f and air purifier ap -were further analyzed depending on the indoor PM 2.5 concentration prediction model.
Infiltration air change rate v
Although the infiltration air change rate v would not be considered when the fresh air system operates because indoor air is pressurized relative to outdoor air, it is closely related to the required air volume of the fresh air fan to maintain a positive pressure value at approximately 5 Pa. The leakier the building is, the more airflow is necessary to induce a specific I/O pressure difference. Therefore, lower v ensures lower required airflow of the pressurization fan as well as reduced energy consumption of the fan and costs. In addition, a low infiltration factor indicates lower I/O ratio, which prevents more particles intruding indoors compared with a higher v value under the same outdoor condition, so that there is no need to take active control as pressure control and air purifier when outdoor PM 2.5 concentration is relatively low.
Air volume Q
The air volume factor discussed here consists of the fresh air flow and the circulated air volume. Several scenarios for different sets of fresh air rate and recirculating air rate were chosen in order to understand their influence on indoor PM 2.5 concentration control. One data set with outdoor PM 2.5 concentration varying from 112 to 233 mg/m 3 was taken as the input to simulate indoor PM 2.5 concentration variation, as shown in Figure 10 . Scenario 1 is the baseline. Scenarios 1-3 indicate the effect of different fresh air volumes while the circulation air rate is constant, and scenarios 1, 4 and 5 denote the reverse. Figure 10(a) shows the variation trends for the indoor PM 2.5 concentrations are the same in the five scenarios, and different air volumes, regardless of the fresh air system or of the air purifier, only affects the descending rate with slight discrepancy. The stable value of indoor PM 2.5 concentration is decreased by only 2 mg/m 3 although the circulation air flow increases from 350.24 to 576 m 3 /h. Similarly, the influence of fresh air volume increase on the stable indoor PM 2.5 concentration is also negligible, but with a growth trend for indoor PM 2.5 concentration, which is contrary to the circulated air.
To further verify the influence of the air volume factor, an extremely severe day assuming outdoor PM 2.5 concentration is constant at 450 was chosen, as shown in Figure 10(b) . Table 4 shows that the circulation air flow increasing could still maintain the indoor PM 2.5 concentration under a healthy value, and it has little influence on indoor PM 2.5 concentration, so low circulation air volume could be used to save money. However, the growth of fresh air rate put the growth of indoor PM 2.5 concentration above 25 mg/m 3 . This is because some of the outdoor particles are introduced indoors when the fresh air system operates, and the more fresh air volume increases, the more outdoor particles are introduced. Therefore, a relatively small fresh air flow should be selected on the condition of satisfying the requirement for positive pressure control, otherwise, the higher filter efficiency (more than 84.1%) or greater circulation air volume should be chosen under adverse conditions, as either of them will increase the expenses.
Filter efficiency
Likewise, the filter efficiency is also composed of the filter efficiency of the fresh air system f and of the air purifier ap . Several scenarios with different filtration efficiency groups were selected to assess their influence on indoor PM 2.5 concentration. The two data sets of outdoor PM 2.5 concentration are taken as the inputs and are the same as the simulation in the Air volume Q section where one varies from 112 to 233 mg/m 3 , and the other remains constant at 450 mg/m 3 , as shown in Figure 10 . Scenario 1 is the baseline. Scenarios 1-3 indicate the effect of different f while the filter efficiency of the air purifier is constant, and scenarios 1, 4 and 5 denote the reverse. Figure 11(a) and (b) shows that the decay trend of the five scenarios are the same, only the rate of decay shows a difference. The three curves for different ap nearly coincide, indicating that the air purifier filter efficiency has little or no impact on final indoor PM 2.5 concentration, with only a little increase along with the ap decreasing. Nevertheless, the curves for scenarios 1-3 with different f denote greater differences between every two lines when the indoor PM 2.5 concentration tends to be stable, which shows that the indoor PM 2.5 concentration increases significantly with a decrease in the filter efficiency of the fresh air system. Table 5 summarizes the stable value of indoor PM 2.5 concentration under two outdoor conditions, which indicates that a high f should be chosen with a minimum of 71% when outdoor PM 2.5 concentration varies from 112 to 233 mg/ m 3 , and a minimum combination of 84.1% f and 99.0% ap when outdoor PM 2.5 concentration is constant at 450 mg/m 3 . Obviously, if a higher f (larger than the minimum) is selected, the air purifier efficiency can be properly reduced.
Conclusions
The air pollution problem will continue to be a problem in many parts of developing countries. It will take a long time to improve outdoor environment governance, for example, in London and Los Angeles, where the smog problem has lasted for more than 30 years. In the near future, the primary task is to improve the indoor air quality and protect people from suffering caused by poor quality air. In this article, we investigated the influence of different indoor PM 2.5 control strategies -airtightness improvement, indoor positive pressure control with a fresh air system and an air purifier, on indoor particle concentrations within a residential indoors. The results also indicated that the filter efficiency of the fresh air system had a great influence on indoor particle control. A minimum of 71% should be chosen when outdoor PM 2.5 concentration varies from 112 to 233 mg/m 3 , and a minimum combination of 84.1% f and 99.0% ap when outdoor PM 2.5 concentration is constant at 450 mg/m 3 . If a higher f (larger than the minimum) is selected, the air purifier efficiency can be properly reduced.
In general, the experimental results showed that the indoor PM 2.5 concentration can be maintained below 25 mg/m 3 continuously under different outdoor PM 2.5 concentrations by choosing appropriate control methods. The airtightness improvement is the premise for control, since it will reduce the source and the load. The two control strategies of pressure control and air purification can be used alone when outdoor PM 2.5 concentrations are not high. However, each of them has their own limitations. When outdoor PM 2.5 concentration is relatively high (usually over 200 mg/m 3 ), the combination control method must be used instead of the single control method to control indoor air quality. A relatively small fresh air volume should be chosen to make sure that the indoor air is kept pressurized. It is advisable that a high-efficiency filter (larger than 84.1%) for the fresh air system be selected when the outdoor PM 2.5 is higher than 100 mg/m 3 . In regard to other areas with more severe pollution, a higher efficiency filter for the fresh air system should be considered.
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